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Abstract

Corotating Intcraction Regions (CIRs), formed by a high-speed corotating sticam interacting
with a slow speed stream, have been examined from -20° to -36" heliolatitudes. The high-speed
stream emanates from a polar coronal hole that Ulysses eventually becomes fully embedded in as
it travels towards south pole, We find that the trailing portion of the CIR, from the interface
sutface (1) to the reverse shock (RS), containg both laype amplitude transverse Thuctuations and
magnitude fluctuations. The normalized magnetic ficld component varances within this portion
ol the CIR and in the trailing high-speed stream are approximately the same, indicating that the
fluctuations in the CIR are compressed Alfvén waves,  Muron inode structures with lower
intensities are also observed in the trailing portion of the CIR, presumably gencrated from a local
instability driven by free energy associated with (reverse) shock compression of the high-speed
solar wind plasina. The mixtuwie of these two modes (compressed Alfvén waves and wirtor
modes) plus other modes generated by three wave processes (wave- shock interactions) lead to a

lower Alfvémeity within the trailing portion of the CIR than in the high- speed streamn proper.




ntroduction

One of he most significant features in the Ulysses aigh lat ude pass 807, September

994), was the presence of a continuous high-speed ~750-800 ki s P stream cmanating, from a
polar corona hole (Phillips ctal. 994). The steam was also detected at midlatitude (2 1o
-36"). where the interaction with a slower, 400 ko s Vgpeed stean led to the fomation of
corotating interaction regions (CIRs — Smith and Wolfe, 1976). The CIRs are often bounded by

forward and everse shocks and appeared a 26 diy inteivals in e Ulysses post-Jovian

cncounter data.,

One dominant interplanctary magnetic ficld AME) characteristic of the polar coronal hole stream
is the presence of embedded large-amplitude (AB/IBI -1 10 2) Alfvén waves propaga ing away
from the Sun (Usuratani et al., 1994, 1995; Balogh ct al. 1995; Smith ¢t al., 995). The
transverse Alfvén waves have been found to be continuous and o 11l the entive stream. This
recently acquired knowledge of he relationshi] bet e Alfvén waves and high-speed streams
has led us to consider the interaction depicted in dgure 1 The region betweer the stream-strean
interface (1) and the reverse shock (RS) is shocked high-speed sticim plasma and ficlds. Thus,
one could expeet 1o deteet amplified Alfvén waves in this region due to theis compression as they
are overlaken by the reverse shock. Wave-shock interactions are also expected to oceur in this

region of space, so other wave modes could be present as wel

The purpose of this paper is 10 make a preliminary exainination ol the magnetic ficld propertics
in the trailing portions of CIRs to determine the ypes of wave modes presen here and o
determing if the hypothetical model of Figure I is coriect or not. The importance of this is not
only from the viewpoint of plasma wave physics, bu 1 also has mplications for geomagnetic
activity at ‘artl as wel . ‘Tsurutani et al. (1995) have recently shown that IME B, fluctuations
within CIRs cause moderate-to-weak geomagnetic storms during the descending phase of the
solar cycle. The southward components of hese fluctvations, through magnetic reconnection
with the Earth's magnetic fields, cause solar wind energy transfer to the magnetosphere and the

magnetic storms. What is presently unknowr is the source of the 3, fluctuations.




RESULTS

Figure 1 is a schematic of a stream-stream interaction process projected onto the ecliptic plane
(looking down from the north pole). The slow (~400 ki s1) speed stream (A) is on the left and
the fast (~750 km s-1) stream (B) is on the right. The interaction region is shaded and is bound
by a fast shock (FS) and a reverse shock (RS). The accelerated and compressed slow speed
stream is on the antisunward side of the CIR. The decelerated and compressed high speed stream
is on the sunward side of the CIR. The two regions are separated by a stream interface (JF). In
the high speed stream proper (B), large amplitude transverse Alfvén waves are present (indicated
schematically). We expect the presence of compressed Alfvén waves 1n the trailing portion of
the CIR, between the 11 and the RS, The waves should be amplificd in proportion to the
magnitude of the magnetic field jump across the reverse shock. This Figure is only a model

which can be tested by the Ulysses observations, which will be discussed below.

We have examined all of the CIRs in the Ulysses post-Jovian encounter data. These CIRs span a
latitude range from - 20° to - 36", There are 10 distinet CIRs in all. Beyond this latitude, Ulysses
becomes permanently embedded in the high-speed stieamn. In Figure 2, we show one typical
example. This event occurred when Ulysses was at —367 latitude and 4.5 AU from the Sun. This

particular event was the last clear appearance of the CIR,

The RS and 11 discontinuitics are indicated at the top of Figure 2 by dashed vertical lines. There
is not a shock (1'S) at the antisolar edge of the CIR, but there are both density and magnetic field
compressions at this discontinuity surface. From top to bottomn we the field magnitude, solar
wind speed, proton density, and temperature. The 11 is clearly indicated by sharp increase in the
proton density and temperature. The magnetic ficld magnitude decreases across this boundary as
well. The region of interest is the trailing part of the CIR, from the 1 to the RS (shaded). There

are large Bl fluctuations apparent in the Figure., This will be discussed later.

Figure 3 shows the three components of B and Vqw it solar heliospheric coordinates (RTN), as
well as IBI for reference.  In this system R points outward from the Sun, T WxR/iW x RI,
when W s the solar rotation axis, and N forms a right-hand systemn. In the region between the T
and the RS, there are large Tluctuations in the field components as indicated by the 6 component
pancls. Although there are fluctuations in 1Bl as well, the component fluctuations are generally
larger. "The sum of the three B3 com ponent 20-min variances is shown in the next to bottom

pancl. It can be noted that these large variances arve presentprimarily in this fast stream
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compression region. Thereisa gencralabsence of fluctuations in the region between the first

discontinuity and the 1H, consistent with the schematic of Figuie 1.

One o f the most common tests for the Alfvénicity of ficld fluctuations IS the correlat ion between
solar wind velocity and B, High correlation cocfficients at zero lag have been used to indicate of
the Alfvénic nature of the fluctuations (Belcher and Davis, 1971), and the sign of the correlation
coefficient for the direction of propagation.  Theresults of the cross correlation analyses of the
V and B components are indicated by Ihc: ray-scale plots at the top of Figure 3. Correlation
cocfficients for all three S11 components are indicated, with the darkest shading corresponding to
at1.() correlation a zero lagd 20 min., and whi te corresponding to zero correlation. The
corrclations were calculated over 4-hour intervals. Note the high level of Alfvén fluctuations in
the post-RS (high-speed sticain) region. By examining the gray scale results at the top, we find
that this region has the highest Alfvénicity (highest correlation coefficients -().8). These waves
arc propagating outward from the Sun (not shown), cven at these. large distances (4.5 AU). The
Alfvénicity of the region between the 1F and RS is, however, less than the high-sped stream
proper. The correlation coefficients are typically -0.4- 0.6.

The magnetic field strength within the CIR s Larger than either the ligh-speed stream proper or
the unshocked slow sped stream. ‘]’bus, to compare wave amplitudes in different regions of the
interplanetary medium, normalization is necessary. ‘I ‘he variances have been normalized by
dividing by IBI?2 and the resultsarcshown in Figure 4. The normalized 20-min. variance SH
components are given in the top three panels.  These vilues canbe used to compare the relative
wave power Within the CIR to those i the high -speed stream proper. 1.onger duration variances
have been cxamined, and similar results have been obtained.

Figure 4shows the normalized variances for the eventin Figure 3. Plotted in this fashion, it is
now noted that the normalized variances withinthehig h-speed stream proper ( beyond the RS)
are comparable to the. normalized variances within the (:11<. “1’bus, it appears that the transverse
fluctuations within the trailing portion of the CIR is consistent with being compressed
(amplificd) Alfvénic turbulence.

‘1'here isalocal peak in normalized variances at an(l ncar the reverse shock. This is most easily
noted in the 6 2/IBIZ and 64 2/IBI2 panels.  This additional power cannot be ducto shock

compression alone.
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The insert of Figure 4 shows the field magniwde in higher time resolution. Also superposed on
this are results from minimum variance analyses of individual wave cycles present in the data. 11
1s generally found that close to the RS, the waves are propagating at large, angles relative to the
am bient magnetic field (~50° - 90<’). Thisis insharp contrast with Alfvén waves in the high-
speedstream )) 'pyci”, for which anglesof propagationare typically 0" - 2 0" relative to B (not
shown).

Figure 5a is highresolution magnetic ficld data from 1650 to J 706 Ul day 206, 1994. Note that
there are many small 1B | decreases intheinterva 1. All of these. decreases are not associated with
any notice.able ficld ang ular changes.  This characteristic has been previously used to identify
mirror mode structures in the magnetosheaths of Earth, Jupiter and Saturn (Tsurutani et al., 1982;
1993). Wc have examined the instability criteria for mirror mode growth, R = (B /B/(1-11/)).
In this expression B = 8nnk1/B2, and the subscripts L and Il indicate that values are taken
perpendicular and parallel values with respect to the ambient magnetie field. This is shown in
the insert of Figure 4. Yor the interval given, R is ~0.8. Growth occurs af R > 1.0, thus the
structures shown arc Stable.

The entire IF 1o RS inter-va] has been examined for miiror instability/stability, and we find that
there is only one clear region of positive mirror mode growth. This is near the reverse shock.
‘I'here R is -1.5. ‘1’bus, one. scenario is that the source of free enei gy for mirror mode growth is
(reverse) shock compression of the high-speed protons. once mirt or structures begin to form,
thcy deercase the free energy (proton anisotropy) available, and bring the remainder of the
trailing portion of the. CIR 10 marginal stability (R=0.5t0 1 .()).

Pancl 5b is the. hodogram of the wave shown inpancla. The interval is 1700:51t0 1704:49 UT,
day 206.This wave is just adjacent (but dots not overlap) with the mirror mode structure at
1700:00 UT. The field is shown in minimum variance coordinates, where By, B, B3 correspond
to the field in the maximum, intermediate and minimum variance directions (Smith and
Tsuratani, 1976). In this example, the B is out of the planc. 7Thus the wave is left-hand
elliptically polarized, A1/A2= 4.7, Ap/A3=1.2). The angle of propagation is 13° dative to B.

SUMMARY

W find that there are both large field component and magnitude fluctuations within the trailing
half of CIRs, fromthe IF to the 1<S. This isin distinct contrastto the leading half of CIRs.From
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V —Bcorrelation analyses, we find that this former region is less Alfvénic than in the high-sped
stream proper.

Alfvén wave propagation directions within the trailing portion of the CIR have been found to be
significantly more oblique (50" - 90°) than in the. high-speed strecam proper. Onc wave case has
been shown to be left-hand elliptical] y polarized in the spacecraft frame. However typical wave
cases have linear or arc-polarization.

The variance analyses have shown that the normalized component fluctuations are the same both
inside and outside the CIR, giving strong weight to the possibility that the transverse fluctuations
within the trailing portions of CIRs arc simply shock amplificd Alfvén waves.

Large variances near the RS also indicate that wave-wave intcractions or wave generation arc
possibly occurring at and near the shock. However, the lack of high resolution plasma data
precludes adetailed analysis of potential wave modes at thistime.

Another mode that appears to be locally generated at and near the RS is mirror mode structures.
‘his occurs duc to the compression of the high-speed stream plasma, creating the necessary
plasma anisotropies which leadtolocal growth of the mode (R = 1.5). These structures are
primarily compressive and have little or no field angulai changes associated with them.

in conclusion, wc find that the normalized variance results arc consistent with the hypothesis that
much of the magnetic field component fluctuations in the trailing portion of the CIR are
Alfvénic. The direction of the Alfvén wave propagation appearsto be altered, perhaps through
refraction as the wave propagates into the high density CIR structure. However, other modes,
such as the mirror, arc present as well. Alfvén wave-sl)ock interactions may produce even more
modes in addition to the two discussed above. I'bus, the lack of strong Alfvénicity within the
trailing portion of CIRs is due to the presence of two or more wave modes intermixed with each
other,

Acknowledements: Portions of this work were performed at the Jet Propulsion Laboratory,

Cdlifornia Institute of Technology, Pasadena, under contract with the National Aeronautics and
Space Administration.
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Figure Captions

Figure 1. The interaction of ahigh-speed stream (B) with a slow speed stream (A) and the
corotating interaction region (CIR)formed (shaded). The rowaa Shock (ES), interface surface
(IF). and reverse shock (RS)are indicated. The Alfvén waves present in the high-speed stream
proper (B) will be compressed as they are swept up by the expanding reverse shock. Such
amplificd waves will be found in the CIR between the I} and RS.

Figure 2. A CIR at -36” latitude and 4.5 AU from the Sun. The three boundaries within the CIR
are indicate.d by vertical dashed lines. The regionof interest, from the interface (IF) to the
reverse shock (RS) is shaded.

Figure 3. The same CIR as in Figure 2, but with the inagnetic field and velocity components
shown. The very large field component fluctuations are quantitatively indicated by the large
variances (0), generally the largest within the interval shown. The top panel shows the V -B
component correlation coefficients. The high-speed stream region (10 UT, day 207 and beyond)
is highly Alfvénic(c.c.> 0.8), whereas the region between the 1 tand RS isfar less so.

Figure 4. The magnetic field component variances normalized by IBI2. The normalized
variances within the high-speed stream proper (beyond the RS).arc about equal to those in the
trailing portion of the CIR. There also are enhanced variance values at and near the RS. The
insert at the bottom give 6xp values for Alfvénic waves within the CIR. ‘I’ he waves arc generally
found to be propagating at large angles to B, The anisotropy factor for mirror mode growth is
shown at the bottom of the insert. The only region that is unstable (R >1.0)isatthe RS. The
remainder of the region between the IF and RS ismarginally stable.

Figure 5. Some examples of mirror mode structures (1(J51 -1655111°, 1700 UT, 1706-1709 UT).
These arc sharp dips in (Bl with no significant angular changes. The bottom panel is a hodogram
of the wave between the dashed lines shown in the upper panel. The wave is left-hand
elliptically polarized in the spacecraft frame.
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Ulysses VHM, High Resolution July 25, 1993 (Day 206)
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